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Summary

An experimental and theoretical design study has
been made of a generic family of lifting body con-
figurations. The configurations all had a 75° swept
delta planform with a rounded nose, but they had dif-
ferent upper and lower surface camber shapes. The
camber shapes varied in thickness and in the loca-
tion of the maximum thickness. The study con-
sisted of models with a flat bottom and upper sur-
face camber variations, models with a flat top and
lower surface camber variations, and models with
variations in both upper and lower surface cam-
ber. The experimental results were obtained in the
Langley Unitary Plan Wind Tunnel at Mach num-
bers from 2.30 to 4.62 for angles of attack from —10°
to 53° and included both longitudinal and lateral-
directional aerodynamic characteristics. The theo-
retical results were obtained through the use of the
Aerodynamic Preliminary Analysis System II.

The results show that changes in the camber de-
sign cause distinct changes in the aerodynamic char-
acteristics that should be considered in the selection
of a lifting-body shape. In general, the flat-bottom
designs with upper surface camber provided greater
drag for retardation at high angles of attack, but they
were considerably out of trim longitudinally for the
chosen moment reference center. The flat-top designs
with lower surface camber, on the other hand, pro-
vided less drag at high angles of attack but could be
more easily trimmed longitudinally.

The generally good agreement between the the-
oretical and experimental results indicates that the
calculative techniques used herein should be a valu-
able aid in the design process of lifting bodies in the
supersonic speed range.

Introduction

Lifting bodies are of interest for possible use as
space transportation vehicles because they have the
volume required for significant payloads and the aero-
dynamic capability to negotiate the transition from
high angles of attack to lower angles of attack (for
cruise flight) and thus safely reenter the atmosphere
and perform conventional horizontal landings. The
purpose of the present paper is to discuss the effects
of camber variations on the aerodynamic characteris-
tics of some generic lifting-body designs in the tran-
sition region from high to low angles of attack at
supersonic speeds and to compare the theoretical re-
sults with the experimental results. All experimental
data presented herein were selected from reference 1
and are included in this paper for the convenience of
the reader. An abbreviated version of this paper was
also presented in a conference (ref. 2).

Symbols

b planform span

Cp drag coefficient, Drag/qS
Cy, lift coefficient, Lift/q.S

Cr rolling-moment coefficient,

Rolling moment/¢Sb

Cl@ effective dihedral parameter (rolling
momment due to sideslip)

Cm pitching-moment coefficient,
Pitching moment/qS{

Ch vawing-moment coefficient,
Yawing moment/qSb

Cn@ directional stability parameter
(vawing moment due to sideslip)

Cy side-force coefficient, Side force/qS

Cyﬁ side-force parameter (side force due
to sideslip)

¢ chord

c.g. center-of-gravity location, percent

body length
L/D lift-drag ratio

l body length

M Mach number

q free-stream dynamic pressure

S planform area

t thickness

Vv volume

X longitudinal distance from model
nose, in.

Z vertical distance from model center-
line, in.

o angle of attack, deg

Ié; angle of sideslip, deg

Abbreviations:

max maximum

OSuU Ohio State University

rad. radius



Model designations:

L body lower surface

LF body with flat lower surface (flat bottom)
U body upper surface

UF body with flat upper surface (flat top)

Models and Tests

The geometry of the test models is shown in
figure 1. The models all had a 75° delta planform
with a rounded nose and, with the exception of the
flat-top and flat-bottom bodies, had elliptical cross
sections with varied upper and lower surface camber
shapes. The coordinates of the camber shapes at
the model centerline are given in table I, and the
volumes of the test models are given in table II. A
balance housing was attached to the models in such
a way that the balance moment reference center was
vertically offset from the horizontal reference plane.
For the flat-bottom models, the balance housing was
imbedded in the upper surface (fig. 1(a)). The flat-
bottom models were inverted to provide the flat-
top models, which then had the balance housing
imbedded in the lower surface. For models with both
upper and lower surface camber, the balance housing
was imbedded in the upper surface (figs. 1(b)-1(d)).
The model designations are given in chart A.

Chart A

Maximum

t/c location,
Designation Surface percent ¢ t/c
UF Upper Flat 0
LF Lower Flat 0
U3010 Upper 30 10
U3020 Upper 30 20
U5020 Upper 50 20
L3010 Lower 30 10
1.3020 Lower 30 20
L5020 Lower 50 20
L7010 Lower 70 10
L7020 Lower 70 20

A six-component strain gauge balance was
mounted in the balance housing with the balance
moment reference center located longitudinally at
53 percent of the body length and displaced verti-
cally from the horizontal reference plane by 4 percent
of the body length. Tests were made in the Langley
Unitary Plan Wind Tunnel at Mach numbers of 2.30,
2.96, 3.95, and 4.62 for angles of attack from —10°
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to 53° at angles of sideslip of 0° and 3° (ref. 1). Only
selected data from reference 1 are repeated in this
paper (primarily for M = 4.62 and 2.30). The test
Reynolds number was 2 x 10% per foot. Gross drag
values are presented with no corrections applied for
base or balance chamber drag. The angles of attack
and sideslip have been corrected for sting and balance
deflections and for tunnel flow angularity.

Accuracy

The estimated accuracies, based on instrument
calibration and data repeatability, are given in
chart B.

Chart B

CL o o 0.0020
Cp o o 0.0020
Con o o o 0.0040
Cro o 0.0015
Co o 0.0010
Cy o 0.0020
M . 0.050
aydeg . .o L L0 Lo 0.10
Bodeg . . . L L oL 0.10
Discussion

Experimental Results

Comparison of flat-top and flat-bottom de-
signs. A comparison of the longitudinal characteris-
tics at M = 4.62 for L5020 (flat top) and U5020 (flat
bottom) is shown in figure 2. In this comparison
the cambered surface had t/c = 0.20 located at 0.50¢
with the result that the volumes were equal. At high
angles of attack (representative of a reentry attitude),
the flat-bottom design produces significantly high lift
and drag but also displays large negative values of
pitching moment that require trimming. The flat-
top design produces somewhat lower values of lift
and drag at the higher angles of attack but displays
positive values of pitching moment that improve trim
characteristics. The results indicate that at an an-
gle of attack of 0° the flat-bottom design has nega-
tive lift and a negative pitching moment, whereas the
flat-top design has positive lift and a positive pitch-
ing moment. This effect is probably caused by the
impact pressure on the forebody. The initial values
of pitching moment result in trim characteristics that
are adverse for the flat-bottom design and favorable
for the flat-top design throughout the angle-of-attack



range. Hence, the differences in L/D shown in the
lower cruising angle-of-attack range would be likely
to change when trimmed; the flat-top design would
show some improvement and the flat-bottom design
would show some impairment.

The lateral-directional results for these flat-
bottom and flat-top designs are presented in figure 3.
The results show the directional instability that must
be overcome is generally greater with the flat top
(cambered lower surface) than with the flat bottom
(cambered upper surface). Because the side force is
greater for the flat-top design, it is apparent that the
lateral center of pressure 1s farther forward for the
cambered lower surface than for the cambered upper
surface. The vertical location of the lateral center of
pressure also affects the rolling moment because the
effective dihedral parameter at lower angles of attack
is positive (unfavorable) with the cambered upper
surface and negative (favorable) with the cambered
lower surface. The test models had no directional
stability surfaces, and the addition of such surfaces
would change the directional stability as well as the
effective dihedral.

Lower surface camber variations with the
flat  top. The longitudinal characteristics at
M = 4.62 are presented in figure 4 for the flat-top de-
sign with variations in the lower surface camber. The
camber shapes are labeled L3010, L3020, and L5020
and include a thickness change at a constant chord
station and a chord station change for a constant
thickness. These results indicate that the longitudi-
nal aerodynamic characteristics are sensitive to the
shape of the lower surface camber. The thinner shape
(L3010), which has a higher lift-curve slope and a
higher maximum L /D, has the least volume. A posi-
tive increment in pitching moment at an angle of at-
tack of 0° provides a self-trimming characteristic for
each of the designs. Increasing the thickness to 0.20¢
results in a decrease in the lift-curve slope and in
the maximum value of L/D; but a positive shift oc-
curs in the pitching moment that increases the self-
trimming capability. The results of the test of L5020
indicate that shifting the maximum thickness point
aft changes the lift and drag ratio. However, the
most significant change is in the pitching moment,
which provides the highest trim angle of attack of
the three shapes. Even though the volumes are about
the same for L3020 and L5020, the L5020 design pro-
vides a higher maximum value of L/D and better
self-trimming characteristics.

The lateral-directional results for these designs
(fig. 5) show an increase in the side force, which

should be expected as the thickness is increased. The
attendant increase in directional instability is great-
est for L3020, the design with the most forward max-
imum thickness location. The effective dihedral is fa-
vorable for all three designs; however, it is reduced
by the increase in lower surface thickness because of
the increased side force below the roll axis.

Lower surface camber variations with up-
per surface U3010. The longitudinal charac-
teristics at M = 4.62 are presented in figure 6 for
the U3010 upper surface with three lower surface
shapes, 13020, L7020, and L7010. For the lower
surface thickness of 0.20c, a rearward shift in the
maximum thickness location from 30 to 70 percent ¢
(L3020 to L7020) results in little change in volume
(table II). However, this shift results in a substan-
tial increase in the high angle-of-attack trim point,
an increase in drag at high angles of attack (repre-
sentative of the reentry attitude), and an increase in
L/D at lower angles of attack (representative of the
cruise attitude). When the lower surface thickness
at the 70-percent-chord location (L7020 to L7010) is
reduced and the volume decreases; the high angle-of-
attack trim point decreases but the L/D in the lower
angle-of-attack cruise regime increases.

The lateral-directional characteristics (fig. 7) in-
dicate the greatest directional instability when the
maximum thickness is the most forward (L3020).
When the lower surface maximum thickness moves
rearward (L3020 to L7020), the lateral center of pres-
sure shifts rearward and the directional instability is
reduced. Decreasing the thickness (L7010) results in
a further reduction in the instability because of a de-
crease in the side force. The rolling moment due to
sideslip is positive for the 20-percent-thick lower sur-
face camber shapes, presumably because the lateral
center of pressure is below the roll axis. Decreasing
the lower surface thickness to 10 percent causes the
center of pressure to move upward and the rolling
moment due to sideslip to shift negatively.

Upper surface camber wvariations with
lower surface L8020. The longitudinal charac-
teristics at Al = 4.62 are presented in figure 8 for
the L3020 lower surface with the two upper surface
shapes UF and U3010. The effects of these upper
surface changes were relatively small. A compari-
son of the cambered upper surface with the flat up-
per surface shows increased volume in the upper sur-
face but indicates a decrease in L/D in the lower
angle-of-attack cruise regime.

The lateral-directional characteristics for these
designs (fig. 9) indicates that changing from the flat
upper surface (UF) to the cambered upper surface
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(U3010) moves the effective lateral center of pres-
sure forward and downward so that the directional
instability is increased and the rolling moment due to
sideslip becomes positive. It should be remembered
that for this comparison the balance roll axis is below
the model reference plane for the flat top and above
the reference plane for the cambered upper surface.

Upper surface camber wvariations with
lower surface L7010. The longitudinal charac-
teristics at M = 4.62 are presented in figure 10 for
the L7010 lower surface with the three upper sur-
face shapes U3010, U3020, and U5020. These upper
surface changes had little effect on the longitudinal
aerodynamic characteristics except for the increase
in L/D in the lower angle-of-attack cruise regime
for the thinner U3010 camber. However, this shape
has an attendant volume decrease compared with the
other two upper surface shapes shown. Little differ-
ence in the longitudinal characteristics exists between
the U3020 and Ub020 shapes, and although the cam-
ber shapes are different, the volumes are about the
same.

The lateral-directional characteristics for these
designs are shown in figure 11. Little difference oc-
curs in the rolling-moment parameter as the upper
surface camber changes, thus indicating that this pa-
rameter is primarily influenced by the lower surface.
The side force increases as the thickness increases.
The lateral center of pressure is apparently farthest
forward for the U3020 shape because this shape has
the greatest directional instability.

Sensitivity to the center-of-gravity location.
The test results presented herein are referenced to
an arbitrary moment center or center of gravity
(c.g.) located at 53 percent of the body length. Be-
cause the longitudinal stability level is dependent
on the moment center location, the effect of mod-
erate changes in the c.g. location on the longitu-
dinal stability and trim characteristics was exam-
ined, and examples are shown in figure 12 for the
U3010/L7020 and UF/L3010 designs. The results
for the U3010/L7020 design with a test moment ref-
erence point of 53 percent of the body length indi-
cate a high self-trimmed angle of attack that is desir-
able for reentry but an unstable variation of pitching
moment at lower angles of attack. Figure 12 shows
that positive longitudinal stability can be achieved
over the entire test angle-of-attack range with a re-
location of the c.g. from 53 to 46 percent of the body
length; however, the trim angle of attack would be
lowered.

The results for the UF /L3010 with a moment ref-
erence point of 53 percent of the body length indi-
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cate positive longitudinal stability over the entire test
angle-of-attack range even though the self-trimmed
angle of attack is relatively low. A substantially
higher trim angle of attack can be obtained with a re-
location of the c.g. from 53 to 67 percent of the body
length, but longitudinal instability occurs at angles
of attack below about 25°.

Some effects of Mach number. The effects
of Mach number on the longitudinal stability for
the UF/L5020 and U3010/L7020 designs for a c.g.
at 53 percent of the body length are presented in
figure 13. The low-angle-of-attack instability that
occurs at M = 4.62 gradually becomes stable at
M = 2.30. Thus, the high trim angles of attack that
are desirable for retardation can be maintained and
the configurations automatically become stable at
lower cruise angles of attack as the Mach number
decreases. In addition, both designs have positive
values of pitching moment at an angle of attack of 0°,
which improves trimming.

Volumetric efficiency. The variations of the
maximum values of L/D with volume for each of the
test models is presented in figure 14 for M = 2.30
and 4.62. The expected trend of decreasing L/D
with increasing volume is apparent but some cam-
ber shapes did not follow the trend. Note that some
variations in L/D occur for constant volume and that
some levels of /D are maintained even with sub-
stantial increases in volume. Attempts to optimize
the shape for the maximum /D must also consider
characteristics such as the longitudinal trim and the
lateral-directional stability.

Theoretical Results

Calculations were made using the Aerodynamic
Preliminary Analysis System II and the Hypersonic
Arbitrary-Body Aerodynamic Computer Program.
(See refs. 3-5.) The methodology used is illustrated
in figure 15. In the impact regions of the main body,
the Dahlem-Buck empirical method was used from
the nose back to the maximum-thickness location,
and the modified Newtonian method was used aft
of that point. For the shadow regions of the main
body, the Prandtl-Meyer expansion from free stream
was used. For the balance housing element, the
tangent wedge method was used in the impact region
and the Ohio State University (OSU) blunt-body
empirical method was used in the shadow region.
The reference enthalpy method was selected for the
viscous analysis with turbulent flow. When the
calculations were carried out in either the laminar
or transitional modes, the results were the same.



Computer-generated drawings of some of the de-
signs are shown in figure 16. A comparison of
the theoretical and experimental results for the
U3010/L7010 design is presented in figure 17 for
M = 4.62. The agreement is quite good, especially
for the nonlinear variations in lift and pitching mo-
ment with angle of attack. A comparison of the
same design at a Mach number of 2.30 (fig. 18) shows
slightly greater differences in the theoretical and ex-
perimental values, but the nonlinear variations are
still predicted reasonably well. It is significant that
the change in longitudinal stability with Mach num-
ber is predicted. This agreement is partly due to the
existence of a single shock (bow shock) on these con-
figurations. The boundary layer was well behaved
over the entire surface because of the favorable pres-
sure gradient (no separation). The base pressure
contribution to drag was insignificant because of the
small base area.

A comparison of the results at M = 4.62 for the
flat-bottom and flat-top designs with the 5020 cam-
ber shapes is shown in figure 19 (flat bottom) and
figure 20 (flat top), and the comparison is very good.
The accurate prediction of both the shift in pitch-
ing moment at an angle of attack of 0° and the non-
linear variations of lift and pitching moment with
angle of attack are of particular significance. The
lateral-directional characteristics were also calcu-
lated for the UF/L5020 design, and the results
(fig. 20(b)) are quite good.

From these comparisons the calculation tech-
niques used herein appear to be reasonably valid
for the concepts of the lifting body considered, and
these techniques should be useful tools in the design
process.

Conclusions

The purpose of this paper has been to present
some results that might be useful in the design of
lifting-body configurations for possible use as space
transportation vehicles. Such lifting bodies are of
interest for possible use as space transportation ve-
hicles because they have the volume required for sig-
nificant payloads and the aerodynamic capability to
negotiate the transition from high angles of attack
to lower angles of attack (for cruise flight) and thus
safely reenter the atmosphere and perform conven-
tional horizontal landings. The concepts that were
investigated included variations in camber distribu-
tion for both the upper and lower surfaces of a 75°
swept delta planform. Experimental results from ex-

tensive wind-tunnel tests have been presented and
are compared with some calculated results. Some
concluding observations are presented as follows:

1. Flat-bottom concepts with upper surface camber
provided greater drag for retardation at high an-
gles of attack, but they would be difficult to trim
longitudinally.

2. Flat-top concepts with lower surface camber pro-
vided less drag for retardation at high angles
of attack but could be more easily trimmed
longitudinally.

3. The maximum values of lift-to-drag (L/D) ra-
tio generally decreased with increasing volume al-
though some combinations of camber provided an
increase in volume with no loss in L/D.

4. The generally good agreement between theoret-
ical and experimental results indicates that the
calculation techniques used should be a valuable
aid in the design process of lifting-body vehicles
in the supersonic speed range.

NASA Langley Research Center
Hampton, VA 23681-0001
December 14, 1993
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Table I. Body Coordinates at Centerline

Vertical distance from model centerline (7), in., for design—

X, in. U3010 U3020 U5020 L3010 L3020 L7010 L7020
1.5 1.04 1.88 1.32 1.04 1.80 0.87 1.17
3.0 1.38 2.72 2.01 1.35 2.70 1.05 1.77
4.5 1.50 3.00 2.54 1.50 3.00 1.20 2.25
6.0 1.47 2.94 2.87 1.47 2.96 1.34 2.61
7.5 1.38 2.76 3.00 1.35 2.75 1.43 2.87
9.0 1.22 2.48 2.90 1.19 2.46 1.49 2.99

10.5 1.04 2.06 2.55 .95 2.04 1.50 3.00
12.0 77 1.50 1.97 .66 1.47 1.28 2.60
135 47 87 1.17 .35 .80 .78 1.62
15.0 .20 .20 .20 0 0 0 0

Table II. Volumes of Test Models

Model V, in?

U3010/LF (UF/L3010) 67.42

U3020/LF (UF/L3020) 121.57

U5020/LF (UF/L5020) 121.88

U3010/L7010 132.26

U3020/L7010 186.41

U5020/L7010 186.72

U3010/L3010 128.82

U3010/L3020 188.99

U3010/L7020 190.47
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9.27
1.60
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uU3020 U5020 Balance
housing
1.:|30
0.80 rad. © Moment L
U3010
+ UF N center 0.20
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A0.25

L5020
< 15.00 >

(a) Overlay of several camber shapes.

Figure 1. Model geometry. Dimensions are given in inches unless otherwise noted.
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\ U3010/L7010

U3010/LF (UF/L3010)

\

U3020/L7010

U3020/LF (UF/L3020)

U5020/LF (UF/L5020) U5020/L7010

(b) Flat-bottom and flat-top models. (¢) Models with lower surface L7010.

i

U3010/L3010

4

U3010/L3020

/\

U3010/L7020
(d) Models with upper surface U3010.

Figure 1. Concluded.



0 U5020/LF —
U UF/L5020 <=

2_

L/D 1

a, deg a, deg
Figure 2. Longitudinal characteristics at M = 4.62 of U5020/LF (flat bottom) and UF /L5020 (flat top).

0O U5020/LF —
O UF/L5020 <—

C -.001
B
-.002 1 1 1 1 1 ]

.002

O
.02 | | | |
0 10 20 30 40 50 60

a, deg
Figure 3. Lateral-directional characteristics at M = 4.62 of U5020/LF (flat bottom) and UF /L5020 (flat top).



O UF/L3010 ——
O UF/L3020 <—
& UF/L5020 <—

Figure 4. Longitudinal characteristics at M = 4.62 of flat-top design with variations in lower surface camber.

O UF/L3010 ——
O UF/L3020 <—
¢ UF/L5020 <—

-.001 W
C W

n
B _.002

-.003 | | | | | |

C .
'8 .002 |

-.004 L 1 1 1 I I

C -
YB .01

-.02

60

a, deg

Figure 5. Lateral-directional characteristics at M = 4.62 of flat-top design with variations in lower surface
camber.
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O U3010/L3020 =
0 U3010/L7020 <>

04 r 2 — ¢ U3010/L7010 <—

Cm -.04 L/D

-.08 -

-12 1 | 1 | 1 |

Figure 6. Longitudinal characteristics at M = 4.62 of U3010 with variations in lower surface camber.

O U3010/L3020 =
0 U3010/L7020 <>
<& U3010/L7010 <_—

0
-.001 W
C
n
B o002 |
-.003 ' ' ' |
002
Cl
B
|
C
B

a, deg

Figure 7. Lateral-directional characteristics at M = 4.62 of U3010 with variations in lower surface camber.
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O UF/L3020 N
0U3010/L3020 >

a, deg a, deg

Figure 8. Longitudinal characteristics at M = 4.62 of L3020 with variations in upper surface camber.

0O UF/L3020 N

O U3010/L.3020 __>
0
-.001 |-
C
"B _o002 W—“D/m
-.003 | | | |

C = -
'B 0 HM
-.002 -
-.004 | | | | | |
0
C
Y
B .01
-02 ] ] ] ] |
0 10 20 30 40 50 60
a, deg

Figure 9. Lateral-directional characteristics at M = 4.62 of 1.3020 with variations in upper surface camber.
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0 U3020/L7010 <=
0 U5020/L7010 <=
< U3010/L7010 —

04 - 2
O
Cpy-04 |- % L/'D 1
-.08
-12 ]
1.0
8

a, deg

Figure 10. Longitudinal characteristics at A/ = 4.62 of L7010 with variations in upper surface

camber.
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O U3020/L7010 T
0 U5020/L7010 <=
© U3010/L7010 <=

.002 [

-.002 |-

-.004

.02 | | | | | |
0 10 20 30 40 50 60

a, deg

Figure 11. Lateral-directional characteristics at M = 4.62 of L7010 with variations in upper surface camber.
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0 = ENY4 53 67
\ /
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-08 53
-.12 I | I | L J
0 20 40 60

a, deg

Figure 12. Effect of center-of-gravity location on longitudinal characteristics at M = 4.62.
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U3010/L7020
C:m
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a, deg

Figure 13. Effect of Mach number on longitudinal characteristics.
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4 I
() 8
D/max %[ Do
- M = 4.62 <§ %
0 | | | | | |
0 25 50 75 1.00 1.25 1.50

V2/3/S

Figure 14. Variation of maximum values of L/D with volume for each test model at M = 2.30 and 4.62.
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Figure 17. Comparison of calculated and experimental results at A = 4.62 of U3010/L7010.
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Figure 18. Comparison of calculated and experimental results at A/ = 2.30 of U3010/L7010.
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Figure 19. Comparison of calculated and experimental results at M = 4.62 of U5020/LF.
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(a) Longitudinal characteristics.

Figure 20. Comparison of calculated and experimental results at M = 4.62 of UF/L5020.
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(b) Lateral-directional characteristics.

Figure 20. Concluded.
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Figure 15. Computer-generated drawing of U5020/LF design illustrating calculative methodology.

Figure 16. Computer-generated drawings.
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